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2. Improvement of the metal layer formation process in 3D printing based on arc welding

Pedepar:

1. B pucepTaliiiniil poboTi Brieplie BUCBITIEHO TPO6IeMy JUHAMIYHOTO BiIXUJIEHHS F€OMETPUYHUX [1apaMeTPiB
iHCTpyMEHTY Bif KIHEMaTHYHOI MOAEJi 6araTOKOOPAMHATHOTO MAHIINYJISITOPa B IPOLEC] aJUTUBHOTO BUPDOOHULITBA
Ha OCHOBI €JIEKTPOAYrOBOT0 3BapIOBaHHS I1JIaBKUM €JIEKTPO/IOM B C€PEeIOBUIIi 3aXVCHUX Ia3iB, 6ibLI BifOMOTO0, SIK
Wire and Arc Additive Manufacturing abo WAAM. Bysio BCTaHOBJIEHO, 1110 IOCTiMHE 30i/IbIIE€HHS BilXUI€HHS
IIPUCAJHOTO IPOTY BiJl LIEHTPaJAbHOI TOUKU iHCTPYMEHTY HETaTMBHO BIJIUBA€E HA CTA0I/IBHICTD IPOLIECY
BUPOIIYBaHHS i SIKiCTb IOBEPXOHb BUPOLIyBaHUX 00€KTIB. [ToripiieHHs SIKOCTi Ta TOYHOCTI reoMeTpii Aetaneit
3HIDKYIOTb iX MEXaHiYHi BIaCTUBOCTI, a TAKOX NOTIpUIyIOTh €(PEeKTUBHICTh BUKOPUCTAHHS MaTepiaiB Ta
€KOJIOTi4YHICTh BUPDOOHULITBA. B pe3ysbTaTi BUKOHAHHS JucepTalifiHOi po60TH 6YyJI0 BUPIIIEHO aKTyabHy HayKOBO-
IIPUKJIAJHY 3371a4y [TOKPalleHHs KePOBAHOCTI NIpolecy (OPMOYTBOPEHHS HAIJIaBJIEHUX IAPiB METAIYy i
HOpMaJIi3alii HepiBHOMiIpHOCTiI 60KOBUX ITOBepxOoHb WAAM rnetaseli, a TaKOX 3MEHIIeHHS BifxuieHb Gopmu, 10 B

KOMILJIEKCi oKpamuio epeKTUBHICTb BUKOPHUCTAaHHS MaTepiasliB, 03BOJINIIO 3MEHIIUTH I10TPedy B HAJJIMIIKOBIH



I0CTOOPO6LIi Ta MOKPALIUTY €KCILTyaTalliiiHi BJ1aCTUBOCTI HEOOPOOIeHUX JeTaneil. HaykoBa HOBM3HA PO6OTH
II0JISITa€ Y BCTAHOBJIEHHI 3aJ1€5KHOCTI HEPiBHOMIPHOCTI [TOBEPXOHb BUPOLIYBAaHUX OO'€KTIB Bifl HAIIPYKEHO~
Ie(pOPMOBAHHOTO CTaHy IIPHCAJIHOTO APOTY, 3HOCY KOHTAaKTHOI'O HAKOHEYHUKA i BiJl AMHAMIYHUX [IPOLECiB Y BaHHI
PO3IIJIaBJIEHOTO METaly, 0 KOMILJIEKCHO BIJIMBAIOTh HAa NIPOLeC (POPMOYTBOPEHHS BaJIMKIB i3 )KapOMILIHUX CILIaBiB
npu WAAM. I1pu npomy 6yJ10 BIleple BCTAaHOBJIEHO i IOBEJEHO 3B'I30K 3HOCY KOHTAKTHOTO HAKOHEYHHUKA i
BiIXWJIEHHS IPUCATHOTO OPOTY Bif LIEHTPaJIbHOI TOYKY iHCTPYMEHTY 3 YTBOPEHHSM HEPIBHOMIDHOCTEN ITOBEPXOHb
IeTajeil, BATOTOBJIeHUX MeTooM WAAM. Briepiie ekcliepuMeHTabHO-PO3PaxXyHKOBUAM HIJIIXOM BCTAHOBJIEHO
3aJI€KHICTb HEJIIHIMHOI 3MiHM iIHTEHCMBHOCTI 3HOLIYBAaHHS KOHTAKTHOTO HAKOHEYHNKA B rpoueci WAAM Bif,
HaIpPYy>XeHO-1e(pOPMOBAHOTO CTaHy IIPUCATHOTO APOTY, ANHAMIYHA 3MiHa SIKOTO BU3HAYa€ YMOBY KOHTAKTHO]
B3a€MO/Iii HAKOHEYHMKA 3 IPOTOM. BUSBIEHO 3aKOHOMIPHICTb 3HW>KEHHS iIHTEHCUBHOCTI 3HOLITYBAHHSI KOHTAKTHOTO
HAaKOHEYHUKA 3i 301/IbLIIE€HHSIM KPUBU3HU IPUCATHOIO APOTY a60 30iIbIIEHHSIM BEJIMYMHYA 3HOCY KOHTAaKTHOTO
HAaKOHEYHUKA, 110 [O0SICHIOETHCS 3MEHIIEHHSIM KOHTAaKTHOI CHJIY ITPM 3MEHILIEeHHi IIPY>KHOI fnedopMaliii.
BcTaHOBJIEHO CTIMKUI 3B'130K i BUBHAUYE€HO (PYHKIIOHAJIbHY 3aJI€XHICTh BEJIMYMHN 3HOCY KOHTAKTHOIO
HAaKOHEYHUKA Bif HOpMaJIbHOI CUJIM KOHTAKTHOI B3aeMOJIii, JOBKMHU BUKOPUCTAHOIO APOTY, Or0 pafiycy
KPUBU3HU, JKOPCTKOCTI i TBepHoCTi Marepiany. BusHaueHO (QyHKLIOHAIBHUI 3BSI30K MiXK BEJIMYMHOIO BiIXUJIEHHS
MIPUCAZHOTO APOTY Bifl LEHTPATIbHOI TOYKM iHCTPYMEHTY i BEIMYMHOIO 3HOCY KOHTAKTHOTO HAKOHEYHMKA.
Po3po6ieHi MaTeMaTUYHi MOJIeJli ONMCYIOTh KOMILJIEKCHUI BIUIMB HAIIPY>KE€HO-e(pOPMOBAaHOTO CTaHy JPOTYy Ha
J10T0 BiIXMJIEHHS 1 JO3BOJISIIOTh NEPeOaYUTH BEJIMUMHY BiIXWJIEHHS B [IPOLeCi BUPOLyBaHHS. Briepiue BupimeHo
TEOPETUYHi Ta IPUKJIaJIHI 3aa4i NOKpalleHHsI KOHTPOJIbOBAHOCTi (POPMOYTBOPEHHS BAJIMKIB, SIKi 3a6€311€UyI0Th
3MEHIIEHHs BiixuaeHb GOpMHU OOKOBUX ITOBEPXOHD IpU WAAM 117151X0M 06OMEsKeHHSI Yyacy iCHyBaHHSI ITOCTiNHOI
BaHHHU PO3IJIaBJIEHOrO MeTay. Lle 103BoINII0 BCTAHOBUTU pallioHaIbHI PeKMMHU BUPOILYBaHHS Ta 320€311€4UTU
3MEHIIEHHS BiIXUJIEHHS (POpMU OOKOBUX ITOBEPXOHb BUPOILECHUX JIeTalell Ha BeJn4uHy 10 60% i mokpamuru
CTabiNIbHICTh BUPOLIYBaHOI reOMETPii B TpY pa3u 32 paXyHOK 3MEHIIEeHHS CTaHAapPTHOro BigxuaeHHs 1o 0,08 MM.
Briepiue BIpoBaJpKeHO i po3paxoBaHO NapaMeTp €KBiBaJIEHTHA IMPUHA CTiHKY, SIKWI1 OOIPYHTOBY€E HEOOXiIHICTD
KOMITIEHCAllii NaJliHHs MilJHOCTi BUPOIIEHOi CTiHKM BHACJIIOK BIJIUBY Ne(EKTy, YTBOPEHOTO 3HOCOM KOHTAKTHOTO
HAKOHEYHUKA, i BCTAHOBJIIOE 3aJI€KHICTb MK MilIHICTIO HEO6PO6IeHOI i 06p06JIEHOI CTIHOK 6€3 ypaxyBaHHS BILIUBY
MIKpOCTPYKTYypH. Briepuie po3po6seHo i 00rpyHTOBaHO METOIMKY KOMIIEHCAllil BiZlXUJIeHHS IPUCAHOrO APOTY Bix
LEHTPaJIbHOI TOYKU iHCTpyMeHTy 111 WAAM Ha ocHOBi GMAW IporpamMHuM LISIXOM, 3TiIHO SKOI KOOpIUHATH
LI€HTPaJIbHOI TOYKM iIHCTPYMEHTY B KiHEMATUUHIll MOZesi po60Ta HabyBalOTh 3MIHHOTO XapaKTepy, SIKUIl KePyeTbCs
HEPOHHUMU MOJIEJISIMU Ha OCHOBI €KCIIEPMMEHTAJIbHUX i CTATUCTUYHUX JAHUX. TaKUM YMHOM 326€3I1e4yeThCs
IIOCTIiMHA [TO3ULiMHA TOYHICTh MIOJIOKEHH [IPUCATHOTO OPOTY 3 BigxuieHHaM 10 +0,2 MM 3a KoopguHaToo X i +0,12
MM 3a KoopAuHaTow Y. [IpakTHyHe 3HaY€HHS OfEP>KaHUX PE3YyJIbTATIB [10JISITa€ y 3HAaUHOMY MTOKpalleHH] TOUHOCTI
Ta MOBTOPIOBAHOCTI BUPOLIYBAHOI FeOMETPii, 110 J03BOJISIE 3HAUYHO MiBULMIUTU €(PEeKTUBHICTh BUKOPHUCTaHHS
marepiajy, CKOpOTUTH Yac BUPOOHULITBA i BMEHIIUTY HEOOXiHICTb B 10CTOOPOOL. PO3pobieHi po3paxyHKOBO-
€KCIIEPMMEHTAJIbHI MOZEJIi JO3BOJISIIOTh IPOTHO3YBAaTH POOOYMI LIMKJI KOHTAaKTHUX HAKOHEYHMKIB 3BAPIOBAJIbHUX
NaJIbHUKIB. AJITOPUTM KOMIIEHCALii BiIX1JIEHHS IPUCATHOrO LPOTY Bif LIEHTPAJIbHOI TOYKU IHCTPYMEHTY
PO3p006JIEHO 3 YpaxyBaHHIM MO>KJIMBOCTI BIPOBaJIKEHHS HE TiJIbKU B alUTHBHOMY BUPOOHUIITBI, a i po60TH30BaHi

Y aBTOMAaTKU30BaHiM BiTHOBJIIOBAIbHIM HaIJIaBIIi.

2. This work is the first to address the problem of dynamic deviation of tool geometric parameters from the
kinematic model of a multi-axis manipulator in the additive manufacturing technology based on Gas Metal Arc
Welding, better known as Wire and Arc Additive Manufacturing or WAAM. It was found that a constant increase in
the deviation of the filler wire from the tool center point negatively affects the stability of the deposition process
and the surface quality of the printed objects. The deterioration in the quality and accuracy of the geometry
reduces the mechanical properties of the parts, as well as the efficiency of material use and the environmental
friendliness of production. As a result of the work, the important scientific and applied problem of improving the
controllability of the formation process of deposited metal layers and normalizing the irregularities of the side
surfaces of WAAM parts, as well as reducing the shape deviations, was solved, which in combination improved the
efficiency of material use, reduced the need for excessive post-processing, and improved the operational



properties of as-deposited parts. The scientific novelty of the work is to establish the dependence of the surface
irregularities of the printed objects on the stress-strain state of the filler wire, the contact tip wear, and the
dynamic processes in the molten pool, which comprehensively affect the process of bead formation from heat-
resistant alloys during WAAM. At the same time, the relationship between the magnitude of contact tip wear and
the magnitude of filler wire deviation from the tool center point with the formation of irregularities of WAAM
surfaces was first established and proved. The dependence of the nonlinear change of the contact tip wear rate in
WAAM on the stress-strain state of the filler wire was first established by experimental and computational means.
Its dynamic variation determines the contact interaction conditions between tip and wire. A tendency for the
contact tip wear rate to decrease with an increase in filler wire radius of curvature or an increase in the magnitude
of contact tip wear was found, which is explained by a decrease in contact force with a decrease in elastic
deformation. A significant relationship was established and the functional dependence of the contact tip wear on
the normal contact force, the length of the wire used, its radius of curvature, and the stiffness and hardness of the
material was determined. The functional relationship between the value of the filler wire deviation from the tool
center point and the contact tip wear was determined. The developed mathematical models describe the complex
effect of the stress-strain state of the wire on its deflection and allow to predict the value of the deflection during
the deposition process. For the first time, theoretical and applied problems of improving the controllability of bead
formation have been solved, ensuring a reduction of the shape deviation of the side surfaces in WAAM by limiting
the life of the molten pool, which made it possible to establish rational deposition modes and ensure a reduction of
the deviation in the deposited side surfaces by up to 60% and improve the stability of the deposited geometry by
three times. For the first time, the equivalent wall width parameter was introduced and calculated, which justifies
the need to compensate for the decrease in strength of the deposited wall due to the influence of the defect
caused by contact tip wear, and establishes the relationship between the strength of as-deposited and machined
walls without considering the influence of microstructure. For the first time, a method of compensating for the
deviation of the filler wire from the tool center point for GMAW-based WAAM has been developed and
implemented in software, according to which the coordinates of the tool center point in the kinematic model of
the robot acquire a variable character, which is controlled by neural models based on experimental and statistical
data. This ensures a constant positional accuracy of the filler wire with a deviation of up to +0.2 mm in the X
coordinate and +0.12 mm in the Y coordinate. The practical significance of the results obtained is a major
improvement in the accuracy and repeatability of the deposited geometry, which can significantly increase the
efficiency of material use, shorten the production time, and reduce the need for post-processing. The developed
computational and experimental models allow to predict the working cycle of welding torch contact tips. The
algorithm for compensation of the filler wire deviation from the tool center point was developed with the
possibility of implementation not only in additive manufacturing, but also in robotic or automated welding and
surfacing.
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